Remote sensing of the ice cover in Storfjorden (Svalbard) revealed the persistence and evolution of latent heat polynyas during the winter of 1997/98. Latent heat polynyas open mechanically under wind stress or ocean currents that transport the ice cover away. In the present work we used mathematical modelling to simulate the Storfjorden polynya size and geometry caused by wind stress, measured at the meteorological station on the island of Hopen in winter 1997/98. The dependence of the polynya outlines on the wind velocity is presented. Two approaches were used: quasi-static and dynamic. Quasi-static simulations are based on a time-independent, linear ice stress-strain relationship valid for the low strain rates only. Time dependence of the ice cover fracture is joined with stress-strain nonlinearity caused by ice delayed-elastic recovery and viscosity. Results are compared to satellite observations from the synthetic aperture radar (SAR) of ERS-2. The simulation results show that a northern wind opens a larger polynya (ca. 30 %) than does a north-eastern wind with the same speed. The results also indicate that the bathymetry and geometry of the fjord might have a stronger infl uence on the polynya opening and development than the location of individual islands and reefs. NO-2027 Kjeller, Norway. In the last ten years, sea ice dynamics challenges have been considered by means of discrete element models (DEM) (Hopkins 1993; Løset 1994; Hansen & Løset 1999a , 1999b ) on different scales. The newly created DEM algorithms simulate sea ice ridging, ice destruction and ice drift in a dynamic approach based on complex underlying physics. Signifi cantly increased computer performance makes the calculations easier and faster to execute. This paper con tinues the discrete element approach and demonstrates the simulation of the mesoscale sea ice cover destruction process.
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In the last ten years, sea ice dynamics challenges have been considered by means of discrete element models (DEM) (Hopkins 1993; Løset 1994; Hansen & Løset 1999a , 1999b ) on different scales. The newly created DEM algorithms simulate sea ice ridging, ice destruction and ice drift in a dynamic approach based on complex underlying physics. Signifi cantly increased computer performance makes the calculations easier and faster to execute. This paper con tinues the discrete element approach and demonstrates the simulation of the mesoscale sea ice cover destruction process.
The area of investigation was Storfjorden, a large fjord situated in the south-east of the Svalbard Archipelago between the islands of of Spitsbergen, Barentsøya and Edgeøya (Fig. 1) . Synthetic aperture radar (SAR) from the European earth remote sensing satellite ERS-2 demonstrated the persistence of latent heat polynyas in this region. Haarpaintner (1999) described the evolution of a fl aw polynya (between fast and pack ice) during the winter 1997/98 in Stor fjorden and segmented the observed ice cover in the satellite images into fast ice, pack ice and polynyas. North-easterly winds were stated as the main reason for the existence of the latent heat polynya, but water currents and especially strong tidal currents through the two narrow sounds, Heleysundet and Freemansundet, in the north-east part of the fjord, may also play an important role in defi ning the polynya geometry. At its largest extent, the Storfjorden polynya reached an area of up to 6000 km 2 . Covering on average only one sixth of Storfjorden, the polynyas were responsible for approximately two-thirds of the total 40 km 3 annual ice production in Storfjorden (Haarpaintner et al. 2001) .
Since larger heat fl uxes take place in polynyas and leads (Smith et al. 1990 ) than in Arctic pack ice, it is important to understand under which circumstances they develop. Latent heat polynyas open mechanically under wind stress or ocean currents that transport the ice cover away and when the advection of ice is blocked by land, reefs, fast ice or grounded ice on shallow shelves (Willmot et al. 1997) . Important ice production takes place and under constant atmospheric conditions the polynya will reach an equilibrium size when ice export is balanced by ice production (Pease 1987) .
In the following section we analyse the meteorological observations during the winter 1997/ 98 to determine the dominant wind direction and speed. The numerical modelling is outlined in subsequent sections. We consider two approaches: the quasi-static simulation, characterized by time independence, and the dynamic approach based on complex nonlinear sea ice rheology. The last section presents the simulation results and gives the quantitative assessments of the polynya size and geometry depending on wind stress, which are briefl y compared to a manual segmentation of the ice cover in satellite observations. The sensitivity to possible wind force variations and different model parameters is discussed in Appendix 1.
Meteorological observations
As input wind stress data we use the averaged data from a station of the Norwegian Meteorological Institute on the island of Hopen (Fig. 1) , since no in situ wind measurements were available from Storfjorden itself. The measurements were taken four times per day during the winter 1997/98. Figure 2 shows the daily averaged wind speed fl uctuations and a wind rose for this time period. Although the wind conditions in Storfjorden might be locally infl uenced by the surrounding topography, simple ice drift modelling compared to ERS-2 SAR imagery showed that there is a strong correlation between the wind data measured on Hopen and the sea ice drift inside the fjord (Haarpaintner 1999) . Observations showed that a fi rst opening of the ice cover of ca. 2000 km 2 occurred at the end of January 1998 after three weeks of northerly winds of about 4 -6 m/s. It closed again under the infl uence of southerly winds in the middle of February. We there fore assume that the overall wind conditions in this area are similar to the ones measured on Hopen. The maximum gusts measured during the winter 1997/98 were ca. 20.6 m/s. The average wind speed during winter was 6.1 m/s, whereas the dominant wind directions lie in the sector 0° N -90° E (Fig. 2b) . The wind stress acting on the sea ice cover is calculated by:
where C D is the surface drag coeffi cient, ρ x is the air density and u represents the wind velocity. The air drag coeffi cient measured in the Arctic basin ranges from 1 × 10 -3 to 3 × 10 -3 (Banke & Smith 1973; Overland 1985 Overland , 1994 . Omstedt et al. (1996) derived a drag coeffi cient of ca. 2.5 × 10 -3 from theoretical explorations of wind force infl uencing the drifting ice. Thus, the wind speed of 4 -6 m/s produces wind stress acting on the ice sheet in the range (2 -14) × 10 4 Nkm -2 . These estimates are used to calibrate the following numerical simulation. We will assume that the beginning of the sea ice cover destruction is directly correlated with the estimated wind stress magnitude. As we do not have any reliable information about the water currents inside Storfjorden, we neglect their possible infl uence on the polynya opening and limit our study on the wind drag.
Disk-shaped rubble simulation
Our geomechanical model is based on the Particle Flow Code developed and supported by ITASCA Co. that is widely used in mining, environmental studies, the petroleum industry, the study of contaminants, waste elimination processes etc. The code deals with disk-shaped rubble particles, which can be bonded together to simulate solids and continuum media. This approach continues the DEM applied by several authors to the modelling of round ice fl oe movements and their interaction Savage 1992; Løset 1994; Sayed et al. 1995; Hansen & Løset 1999a , 1999b , whereas Hopkins Hopkins 1996) used irregularly shaped ice fl oes. The background theory for the DEM is based on viscous-plastic rheology where stress is linearly proportional to the strain for very slow strain rates. In our study we assume that all disks in the system are regular, identical in size and with a unit thickness. The disks are glued together and uniformly fi ll out the Storfjorden area. Figure  3a shows the package of the disks covering Storfjorden and joined fi nite elements between them. In the quasi-static approach the length of every bond fi nite element is equal to 0.2 R, where R is the disk radius. The dynamic approach is based on a nonlinear strain-stress relationship applied in normal tension only. To achieve the compact package of the disks we applied a cellular construction algorithm of a uniform "honeycomb" grid when the density coeffi cient is equal to the ratio of the area occupied by disk-shaped rubbles to the total area:
Every internal disk has six neighbours located in the vertexes of a regular hexagon. In fact, the shown density coeffi cient gives a theoretical estimation, which can never be achieved in mesoscale models, and approximately 5 -6 % of the investigated area remains disk-free. Bonds can transmit normal/shear stress, as well as the rotational moment preventing their relative sliding. Figure 3b illustrates the spring analogy of the system where the disk's normal and shear stiffnesses are denoted as k n and k s respectively. We neglected viscous interaction between the disks in the quasi-static approach.
In the dynamic approach discussed below there is a damping force calculated by the formula:
where µ denotes the dimensionless damping coeffi cient, F Σ is a total force acting on element i and V i is the i-disk velocity. The damping coefficient can, for example, simulate a possible infl uence of a shallow sea fl oor when acting as an anchor for the ice cover. When the stress exceeds the normal/shear strength, the bond breaks. It leads to ice sheet destruction and causes ice drift. The linear strain-stress relationship is acceptable in the cases of slow strain rates and works well in the quasi-static approach but may become inapplicable in dynamic simulations. Laboratory experiments with columnar grained S2 ice samples distinctly indicate the nonlinear stressstrain relationship caused by the ice delayedelastic strain and viscosity. The axial strain can be superimposed into three terms in accordance with Sinha (1988) as follows:
where e e (23 %) is an instantaneous elastic strain, e d (28 %) is a delayed elastic recovery and e v (49 %) is a permanent or viscous strain. Sinha has proposed a strain-stress relationship for the columnar-grained S2 ice in the form:
The physical parameters used are given in Table  1 . Sinha's proposed nonlinear sea ice rheology was applied to a series of simulations (Zyryanov & Korsnes 2002 ) and calibrated to fi t well the lab experiments.
The initial model confi guration is shown in Fig. 4a . Wind stress is assumed to be the external drag force acting on the modelled ice sheet. In the beginning of the simulation there is no drag force and the system is in a static equilibrium.
Running the DEM sea ice destruction model

The quasi-static approach
Wind stress starts to increase slowly and uniformly in the selected direction. At every loadincreasing step an equilibrium state is achieved characterized by the absence of all resultant forces acting on every disk in the system. In the code, the equilibrium is reached when the average ratio of all unbalanced forces to their maximum is less than e = 1 × 10 -3 . Thus, there is no explicit time dependence and the simulation can be treated as a quasi-static process. Single disks or plates consisting of single disks can be separated from the main ice sheet by wind stress (i.e. destruction occurred) and drift away. In this case, the disks are simply deleted. Since this approach describes a time-independent process we allow the ice fl oes to stick together again, when two or more pieces touch in the process of simulation. From a physical point of view, such behaviour can be treated as the freezing together of isolated ice fl oes. A series of numerical experiments were performed with disk-shaped ice fl oes. The initial parameters and their values are shown in Table 2 .
The dynamic approach with damping of disks movement in shallow areas based on nonlinear sea ice rheology Grounded ice ridges on shallow shelves can infl uence the ice cover development process (Marchenko 2001). To reveal possible anchoring of the ice sheet to the sea fl oor we used in the dynamic model run a damping force based on the bathymetry data in Storfjorden. In shallow areas where the sea depth is less then 20 m mobile disks were assigned a damping coeffi cient (µ = 0.8) four times higher than in other areas of Storfjorden (µ = 0.2). The interaction between the ice fl oes is described by a nonlinear rheology approach investigated with laboratory ice specimens by Sinha (1988) . It includes delayed elastic and viscous components of the total strain of the bond in tension (Fig. 3) . The higher the strain rate, the more pronounced nonlinearity in the stress-strain relationship was observed (Cole et al. 1998) . The idea behind the dynamic application of DEM based on the real sea ice rheology is to determine the role of nonlinearity in geoscale simulations of sea ice destruction. However, for 
an ice cover failure, it is important to know the ice strength as well. Experiments with ice under tension indicate that the ice strength is particularly highly sensitive to the strain rate. An empirical power ratio is proposed that relates the maximum stress of the ice specimen in tension (e.g. ice strength) to its strain rate.
Simulation results compared with ERS-2 SAR images
Figure 4b -c show the modelled polynya outlines where the wind direction changes discretely with a step of 11.25° in the sector from 0° N to 45° N. Figure 4b represents the equilibrium stages when the remaining ice sheet is equal to about 85 % of the original, whereas Fig. 4c corresponds to 50 % of ice sheet destruction. A fi xed area of the remained ice sheet is achieved with different wind drag force magnitudes and is dependent upon the wind azimuth. Figure 5 indicates the development of the polynya versus the wind stress magnitude for different wind directions. The bigger the ice-free area, the more pronounced difference in applied stress for two extreme wind azimuths, 0° N and 45° NE, is observed. Northerly winds open a polynya area about 30 % larger than north-easterly winds with the same drag force magnitude. Figure 6a shows a typical ERS-2 SAR view of the Storfjorden ice condition during the winter 1997/98. The two original SAR scenes of 100 × 200 km 2 are low resolution images (LRI). The LRI format is provided by the Tromsø Satellite Station and has a pixel resolution of 100 m. The presented scenes are dated 12 April 1998, when a large polynya occurred over the centre of the fjord. Fast ice was present over the whole shallow northern part of Storfjorden and along the Spitsbergen coast. A manual segmentation of the ERS-2 SAR image into fast ice, pack ice and polynya was performed for Fig. 6b with the help of sequential images to detect temporal changes (Haarpaintner et al. 2001 ). The modelled boundaries of 50 % ice sheet break-up (Fig.  4c) agree strongly with the observed boundaries of the polynya during winter 1997/98. The fi rst step of each model run has been initialized with the standard parameters (Table 1) and an average wind speed of 6 m/s. The ice cover fl uctuations shown in Figs 4b -c correspond to wind speed variations of 5.72 -6.4 m/s and 6.7 -10.8 m/s, respectively, whereas daily averaged meteoro- (a) , 11.25 NNE, 22.5 NNE, 33.75 NE, 45 NE logical data from the Hopen meteorological station (Fig. 2a) indicate wind gusts of ca. 10 m/s at the end of January 1998. As evident in Fig. 4c , the northern modelled boundary between Agardhbulkta and Freemansundet fi ts the observations perfectly. The simulation results also show that small reefs (e.g. Storfl oskjeret, located at the mouth of the fjord; Fig. 4a ) do not appear to strongly infl uence the polynya development. At least in a series of numerical experiments with truly mechanical features of real sea ice we noted that separate barriers, anchoring the ice sheet, do not essentially prevent the ice cover from destruction. This could indicate that the fjord geometry combined with the northerly wind stress are dominant parameters in the break-up process of the polynya compared to the hypothetical infl uence of the tidal currents through Freemandsundet.
Role of the damping of ice fl oes and sea ice rheology Applying a non-uniform damping force of moving particles in shallow areas and a nonlinear ice rheology may lead to qualitatively different simulation results. Figure 7a indicates the dynamic simulation result when the damping coeffi cient is non-uniform with a ratio of 0.2/0.8 in deep/ shallow areas, whereas Fig. 7b represents a uniform of 0.2 damping throughout the modelled ice cover in the quasi-static approach. We considered a rapid ice cover destruction process in dynamics, when the sum of the delayed elastic and viscous components dominate the total ice strain by more than 60 %. Their infl uence is revealed in smoother free boundaries of the ice sheet. The role of
damping is best revealed near the western coast of Edgeøya. It corresponds to the area of pack ice in Fig. 6b , where the SAR-2 image is manually segmented into fast ice, pack ice and ice-free areas.
Conclusions
The aim of this work was to consider some possible scenarios of polynya formation due to the wind drag force in Storfjorden, Svalbard, and an overall validation of the DEMs for this region. We focused on the phenomenon of a latent heat polynya that opened mechanically under wind stress. In this paper, quasi-static and dynamic disk-shaped simulations were used to model the polynya opening and development. The simulation of an ice-free area development began with a uniform cover consisting of disk-shaped particles coupled together. A homogeneous (fi xed direction) and uniformly increased external drag force was applied to the system of bonded ice fl oes. The ice cover started to break up and ice-free zones appeared. A series of numerical experiments were performed to establish the dependence of the size of the ice-free area on the wind stress. These exper- iments show that for the larger ice-free areas in Storfjorden (> 40 %) the wind stress magnitude, which leads to such confi gurations, nonlinearly increases with the increase of the wind stress azimuth (see Fig. 5 ). Finally, we compared visually the simulation results with the satellite observation of the Stor fjorden polynya opening on 12 April 1998 derived by ERS-2 SAR. The comparison shows that the geometry of Storfjorden as well as its shallow areas generally play a signifi cant role in the geometry of the polynya boundaries. This approach could potentially be applied to estimations of the size of ice-free areas in Storfjorden and the polynya outline based on the meteorological data in subsequent years. However, more remote sensing observations are necessary for a reliable model validation during different meteorological conditions. 
